A new polydentate fac-trioxo molybdenum complex, [MoO 3 L] 
Introduction
Polymeric metal compounds have received a great deal of attention due to their properties, which lie between isolated molecules and bulk material. [1] [2] [3] [4] [5] Thus, a large number of metal organic framework materials 6 , metal oxide based materials [7] [8] [9] and metal clusters trapped within the channels of zeolites, 10, 11 have been reported in recent years. These materials are important because of their possible application in catalysis, 12, 13 gas storage, [14] [15] [16] [17] electrical conductivity, 18 biology, 19, 20 and many more areas. Molybdenum oxide based materials are interesting from a structural point of view 21, 22 but molybdenum oxide based materials containing alkali metal clusters are rarely reported. Bimetallic compounds containing alkali metal clusters, for example gallium phosphonates, have been synthesized and shown to form cages containing lithium, 1 sodium, and potassium 23 ions with short metal-metal contacts. 1 These compounds are potential precursors for the preparation of ion conductors and molecular sieves. 1 This paper reports new molybdenum oxide based materials that share the characteristic short metal-metal interactions.
High-nuclearity heterometallic metal compounds are important from both a scientific and an industrial perspective because of their fascinating structures and interesting properties. 23, 24 Their potential applications have drawn continuous attention in a number of research fields like chemistry, [25] [26] [27] [28] [29] [30] [31] biology, 32, 33 physics, [34] [35] [36] [37] [38] and materials science. [39] [40] [41] [42] Besides their structural appeal, these compounds can be used as functional materials with properties that are not derivable from either their homometallic analogues or their lower-nuclearity cognates. Moreover, such compounds are very difficult to synthesize. A great variety of cluster compounds have been reported in the literature, but reports on alkali metal clusters are rather few. In our previous work [43] [44] [45] 
Theoretical study
The structures of the Li 2 K 2, Li 2 Rb 2 and Cs 4 rings were extracted from the experimental crystallographic data presented in this paper and studied without further geometry optimization to better reflect their characteristics as they appear in the complex. The molecular structures of the benzene, cyclobutadiene and star-like molecules C 4 Li 4 and C 6 Li 6 were optimized at the B3LYP/6-311+G(d,p) level.
Computed Hessian matrices showed that all optimized structures correspond to minima on the potential energy surface.
NICS 58 values were calculated at B3LYP level through the gauge-including atomic orbital method (GIAO). 68, 69 In these calculations the SDDALL basis set with the accompanying effective core potential was used, the same one used in the ring currents calculation. [70] [71] [72] There are several NICS indices in common use and since the NICS is a tensor, different components of the tensor are considered as appropriate indices of aromaticity. NICS calculated at the ring centre (NICS(0)) and 1 Å above the ring centre (NICS (1)) are among the most used NICS indices. Thus NICS(0) and NICS (1) have been used in this paper.
The current density maps presented in this paper were computed by means of coupled HF theory using the diamagnetic-zero variant of the continuous transformation of origin of current density (CTOCD-DZ) method. [60] [61] [62] [63] [64] In this method, the current density at each point in the molecule has been computed by choosing itself as the origin of the vector potential, hence the alternative name 'ipsocentric' for the method. [73] [74] [75] Current density maps for all molecules considered were also calculated using the SDDALL basis set including the effective core potential. It has been shown that by using basis sets with an effective core potential, one is able to reduce the impact of the core electrons thereby allowing a more efficient analysis of global current densities in Na-clusters. 76 In addition, NICS values calculated using an effective core potential are in good agreement with all electron NICS values. 76 In all calculations a unit magnetic field perpendicular to the molecular plane was used and the calculated ring currents were plotted on a grid in a set of planes parallel to the molecular plane with a diatropic current represented by a counterclockwise circulation.
The geometry optimization and calculation of NICS were performed by using Gaussian 03. 77 Calculations of ring currents were performed using our own Fortran routines requiring as input formatted checkpoint files from Gaussian 03.
Results and Discussion
Our synthetic strategy was to use a tetradentate, tribasic ligand (H 3 L), containing three carboxylate donor sites, which is expected to form the metalloligand, [MoO 3 L] 3- at acidic pH (pH ~ 4). The number of alkali metal ions required to neutralize the negative charge of the metalloligand anion was found to be higher than that reported for the metalloligands described in the earlier works from this laboratory. [43] [44] [45] We expected that, the tri-and tetra-negative metalloligands having multidentate donor sites (oxo ligands and carboxylate oxygens) have the potential to coordinate alkalimetal cations with interesting architecture.
Synthesis and Characterization of 1, 2 and 3
Compound 1 has been synthesized by the reaction of nitrilotriacetic acid, noting that there is a short-range interaction between the potassium and molybdenum ion in 1 (Fig. 1a) and the rubidium and molybdenum ion in 2 (Fig. 1b) . Since the compounds are isostructural, the structural features of compound 1 have been described below.
The molybdenum center adopts a distorted octahedral geometry and is coordinated to three Mo=O oxygens, two carboxylate oxygens and the nitrogen of nitrilotriacetate.
The three oxo oxygens (MoO 3 ) are in a facial arrangement.
The metalloligand binds both potassium and lithium ions. Fig. 2 shows that each metalloligand binds three potassium ions through its carboxylate oxygens O4, O6 and O7, and the oxo oxygens O2 and O3. The metalloligand also binds six lithium ions through carboxylate oxygens O5, O7 and O9 and the oxo oxygens O1, O2 and O3.
Oxygen atom O4 binds two potassium ions in a µ 3 fashion and O2 and O3 bind lithium and potassium ions in a µ 3 fashion. Oxygen atom O5 binds two lithium ions in a µ 2 fashion and O7 binds lithium and potassium ions in a µ 2 fashion. The most interesting feature of the structure is that each metalloligand binds the metal ions in such a way that a planar four member Li 2 K 2 unit is formed, where short Li-K interactions exist. The metalloligand binds both cesium and lithium ions. Each metalloligand binds four cesium ions through its carboxylate oxygens O4 and O5, and three oxo oxygens, O1, O2, and O3 and also binds four lithium ions through carboxylate oxygens O7, O8, O9
and oxo oxygen atoms O3. Oxygen atom O1 binds two cesium ions in a µ 3 fashion and O2 binds three cesium ions in a µ 4 fashion. Oxygen atom O3 binds one lithium ion and two cesium ions in a µ 4 fashion and O9 binds two lithium ions in a µ 2 fashion.
Here, the most interesting feature is the presence of metal-metal interactions. Each molybdenum ion interacts with four cesium ions and Li interacts with two cesium ions (Fig. 7a) . In the compound, the cesium ion is coordinated to oxo oxygens O1 and O3 of one metalloligand, O1 i (i = x, -y+1, z+1/2) and O2 i of another metalloligand, O2 ii , O5
ii and O4 ii (ii = x, y, z+1) of a third metalloligand and O2 iii and O3 iii (iii = -x, y, -z+3/2) of a fourth metalloligand (Fig. 7b) . Thus each cesium ion is coordinated to nine oxygens and is bonded to four metalloligands. cluster of Mo-Cs-Li is formed which extends along crystallographic c axis (Fig. 12) .
Stability, Reactivity and Aromaticity
Clearly, one of the most fascinating findings in the newly prepared compounds is the presence of unexpected all metal ring systems. The question on whether they are a significant contributor to the overall stability of these compounds or rather a consequence of the structure cannot be settled easily but based on the present interest in all metal aromaticity; an investigation of their stability is of contemporary interest.
To that end, the geometries of the rings as found experimentally in the compounds and described above is extracted from the larger complexes and used for single point calculations of properties indicative of aromaticity. For these calculations, besides geometries, also the total charge must be known as well as the overall spin multiplicity. Given the importance of electrostatic interactions holding together many large solid-state structures, different total charges are considered and the evolution of the degree of aromaticity as a function of this charge is examined. For instance, in the case of Al 4 rings, it is well-known that conclusions on the total aromaticity depend significantly on the total charge. [78] [79] [80] [81] As spin multiplicity, in this report in all cases a singlet is assumed. This assumption is based on the fact that a geometry optimization for the rings at the B3LYP/SDDALL level of theory led to a minimum energy geometry with only small or moderate changes in the geometry. At this geometry, the stability of the solution was checked, especially for the 4+ charge, and no other spin states were found with lower energy.
Conceptual DFT based reactivity descriptors are quite successful in analyzing the structure, stability, reactivity and the aromaticity of different systems [82] [83] [84] and include properties like the energy (E), electronegativity (χ), hardness (η) and electrophilicity (ω). All have been computed at the same level of theory and are reported in Table 2 .
Koopmans' approximation is used to calculate the required ionization potential and electronegativity. It may be noted that calculations using the neutral and the related charged species or a couple of calculations with fractional charges followed by the use of the corresponding frontier orbital energies a la Janak's theorem 82 Table 2 . By inspection of the data in Table 2 , it appears that the species containing four-membered The maps of the current density for Li 2 K 2 , Li 2 Rb 2 and Cs 4 calculated in the molecular plane are presented in Fig. (15-17) . It should be noted that in all current density maps of all alkali rings presented in this paper the arrow size is increased by a factor three compared to the arrow size used for current density maps of hydrocarbons and their Li derivates. Although a basis set with an effective core potential is used in these calculations in order to reduce the impact of the core electrons, strong local currents around the K, Rb and Cs atoms are present in the ring current plots in Fig. (15-17) .
On the other hand, no such local circulations are found around the Li atoms (Fig. 15   and 16 ). This can be explained by the fact that the SDDALL pseudopotential is a small core pseudopotential for the K, Rb and Cs atoms, whereas only one active electron remains for Li. From Fig. (15-17) two characteristic features are immediately recognized. First, Li 2 K 2 , Li 2 Rb 2 and Cs 4 sustain a paratropic ring current. Second, the induced current density of these alkali systems is significantly weaker than in cyclobutadiene ( Fig. 18a) and C 4 Li 4 (Fig. 19a) . The last observation is in disagreement with the predictions made by NICS-values (Table 2) . Fig. (15-17) also give current density maps for the orbitals that have individually significant contributions to the total current density. It can be seen that in Li 2 K 2 , Li 2 Rb 2 and Cs 4 almost all significant contributions come from the circulation of two σ-electrons from the HOMO. A somewhat different situation concerns C 6 Li 6 and C 4 Li 4 (Fig. 19) . A distinguishing feature of these two systems is that due to presence of Li atoms their frontier HOMOs are σ-type orbitals. The doubly degenerate σ-HOMO in C 6 Li 6 and non-degenerate σ-HOMO in C 4 Li 4 have a significant paratropic contribution to the total current ( Fig. 19b and 19e) . The present orbital analysis shows that in C 6 Li 6 there are conflicting contributions, a paratropic (antiaromatic) from the doubly degenerate σ-HOMO and a diatropic (aromatic) from the degenerate π-HOMO-1. Such a possibility to manipulate the degree of aromaticity of benzene through replacing the hydrogen atoms on the benzene ring, is reminiscent of the case of hexa-iodobenzene where one can even further tune the aromaticity through changing the molecular charge. 85 In the orbital analysis of the induced current density, the contribution of an occupied orbital is determined by the accessibility of the unoccupied orbitals by rotational and translational transitions. 73 The contribution of the given transition becomes more important as the energy difference between the occupied and virtual orbital is smaller.
Rotational transitions lead to paratropic (antiaromatic) circulation, whereas translational transitions lead to diamagnetic (aromatic) circulation. For further discussion it should be borne in mind that the similarity between the four-membered alkali rings and cyclobutadiene is clear although the symmetry of the compounds is not entirely the same. Details on the symmetry and electronic states of the molecules under investigation are given in Table 2 . In the case of benzene the main contribution to the current density comes from translational transitions between the degenerate HOMO and LUMO levels (Fig. 20) . In cyclobutadiene the most significant transition is the rotational transition: HOMO to LUMO, whereas all other transitions have less significant contributions as shown in Fig. 18b . The dominant transition in Li 2 K 2 , Li 2 Rb 2 and Cs 4 is the rotational transition between HOMO and LUMO, which is in complete analogy to cyclobutadiene. It should be noted that although the total current maps of benzene ( Fig. 18c ) and C 6 Li 6 (Fig. 19d) show that both systems sustain a diatropic ring current, the corresponding transition diagrams are quite different. In the case of C 6 Li 6 there is a strong rotational transition from the degenerate HOMO level to the doubly degenerate LUMO+2 level, but at the same time there is a somewhat weaker translational transition HOMO to the degenerate LUMO pair. As a result of these two transitions the contribution from the degenerate σ-HOMO pair is paratropic (Fig. 19e ), but this contribution is still weaker than a diatropic contribution of the It is not trivial to extract quantitative information from current density plots. An indication of the current density strength is given by the largest magnitude of current density in the plotting plane. In the case of the alkali rings there are strong local currents around the alkali atoms. Therefore the largest magnitude of the current density in the plotting plane is not an appropriate indicator of the global current strength. It has been shown that the current bond cross sections and bond current strength can provide a very useful quantitative description of current density in the monocyclic molecules. [86] [87] [88] The largest magnitude of the bond current density cross sections (J max ) can be taken as a measure of the global current density strength in the monocyclic systems. The largest magnitude of the bond current density cross sections for the molecules presented in Fig. 13 are given in Table 3 . From these data (Table 3) it can be seen that the intensity of ring currents in Due to a paratropic contribution of frontier σ orbitals (Fig. 19e ) the total current density in C 6 Li 6 is weaker than in benzene. Table 3 also shows another interesting observation. In case of hydrocarbons like benzene and cyclobutadiene, there are clear ring currents going around the carbon atoms (see Fig. 18c for the typical case for benzene). In case of the all metal rings, the ring currents do certainly not envelope the metal atoms. This makes that it cannot be considered a true ring current on the same footing as the hydrocarbons. This is also clear from Table 3 : the cross sections through the bonds have very small currents.
This situation is quite different from ring current maps 79, 80, 89 for e.g. Al 4 2-where we do find a much more similar ring current map as in e.g., benzene. This suggests that on the one hand, the aromaticity of the all metal rings should be rather considered to be antiaromatici-like and that NICS cannot reflect the very detailed nature of the induced current, unlike the ring current maps. All the above considerations were for neutral all metal rings. However, in the newly synthesized compounds, they may carry a relevant charge. Unfortunately, atomic charges are not observables and so depending on the population analysis used, different results may be obtained. Inspection of the transition diagrams giving rise to the ring current maps discussed above, leads to the suspicion that by changing the charge on the ring systems, one could tune the ring currents. This is indeed the case, as is shown in Fig. 21 . Fig. 22 Analyses of the nucleus independent chemical shift data and the ring current plots reveal that most of the four membered rings exhibit paratropicity in their ring current albeit with a diminished strength for the all -metal rings compared to the most similar hydrocarbons. Moreover; the topology of the ring currents is so different compared to these hydrocarbons that the systems can hardly be described as truly aromatic or anti-aromatic. NICS, however, do not readily lead to this conclusion and ring current maps are needed to establish this. Finally, the ring current maps for ionic all metal rings were computed, showing that ring currents can be "switched on or off" depending on the total charge on the ring. We thank Mr. Sukanta Mondal for help in the manuscript preparation.
